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Abstract: The Wildland–Urban Interface (WUI) is the area where houses and wildland vegetation
meet or intermingle, which causes many environmental problems. The current WUI is widespread in
many regions, but it is unclear how the WUI evolved, especially in regions where both houses and
forest cover have increased. Here we compared WUI change in the Polish Carpathians for 1860 and
2013 in two study areas with different land use history. Our western study area experienced gradual
forest increase and housing growth over time, while the eastern study area was subject to a shock
due to post-war resettlements, which triggered rapid reforestation. We found that in both study
areas WUI extent increased from 1860 to 2013 (41.3 to 54.6%, and 12.2 to 33.3%, in the west and east,
respectively). However the causes of WUI growth were very different. In the western study area new
houses were the main cause for new WUI, while in the eastern study area forest cover increase was
more important. Our results highlight that regions with similar current WUI cover have evolved very
differently, and that the WUI has grown rapidly and is widespread in the Polish Carpathians.
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1. Introduction
The Wildland–Urban Interface (WUI) is the area, where human settlements and wildland
vegetation meet or intermingle [1–3]. Studying the WUI is especially important in the context of
wildfires, because human-induced fire ignitions are concentrated in the WUI, and because wildland
vegetation in close proximity to houses provides fuels that allows wildfires to spread, thereby
threatening inhabited areas [1,2,4,5]. Indeed, the WUI and wildfires are closely related in many
regions including Argentina [6], Australia [7], South Africa [8], Southern Europe [4,5] and the US [2].
There are, however, many more ecological processes and interactions that are concentrated in the
WUI, including exotic species introductions, disease transfers [9,10], and conflicts between predators
and humans [11]. For example, American black bears that are recolonizing areas are more often found
in WUI areas than in less densely populated rural areas [11]. On the other hand, pets living in houses
in the WUI, can have a substantial impact wildlife populations. For example, in the US, domestic
cats annually kill 1.3–4.0 billion birds, more than any other direct source of anthropogenic mortality,
including collisions with windows, vehicles or pesticide poisoning [12]. Furthermore, scattered
development can cause landscape fragmentation [10]. In Europe, the mean size of roadless patches is
only 48 km2, considerably less than in other continents [13], with the highest levels of fragmentation
found in Benelux countries, followed by Germany and France and Scandinavian countries, as the
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least fragmented in the EU [14]. The specific ecological effects of roads in the WUI depends on the
proportion of vegetation around the houses, but houses in more vegetated areas generally require
longer access roads to main roads [10]. Roads, in turn, bring about noise, pollution and non-native
species invasions [13], similar to houses in the WUI. Indeed, rural housing density in Wisconsin, US,
explains the abundance of non-native invasive plants in surrounding forests [15], and a similar pattern
has occurred in New Zealand [16]. Last but not least, housing in the vicinity of wildlands is a source of
light [17] and electromagnetic [18] pollution, with negative implications for many species. In summary,
while the WUI was initially defined in a wildfire context, it now has much wider ramifications, and that
is why there is a need to detect and monitor WUI areas and understand how these change over time.
When mapping the WUI, one challenge is that WUI definitions differ among regions and
studies [1,4,5,19,20], but there is consensus that: (a) both settlements and forests or other wildland
vegetation are necessary components of the WUI, (b) there are different types of WUI, depending on the
spatial arrangement and density of forests and settlements. Irrespective which WUI definition is used,
two largely unresolved questions are (a) how the WUI is changing, and (b) what causes WUI growth.
Ultimately, because both houses and wildland vegetation are necessary elements of the WUI [21], it is
changes in either that can result in the creation of new WUI, plus there can be additional housing
growth in areas that are already WUI. However, especially vegetation change typically occurs over
decades, and this means that understanding WUI change requires long-term data on land use patterns.
WUI assessment is especially important in mountain areas, because many of them are biodiversity
hotspots, and because mountain areas often experience fairly rapid land use changes [22] both in
the form of housing growth due to amenity migration, and in the form of reforestation as marginal
agricultural areas are abandoned.
Our goal here was thus to (a) map long-term WUI change, and (b) identify either housing growth
or forest cover increase were responsible for WUI growth. We conducted our study in two areas in the
Polish Carpathians.
2. Study Areas in the Polish Carpathians
The Polish Carpathians are a prime example of an area that has witnessed both forest cover
increase [23,24], which has improved the habitat for large mammals [25], but also the growth of
settlements and the construction of houses in the forests [26]. Due to the scattered nature of the
settlements, which typical for the Polish Carpathians [27], the area is particularly likely to contain
WUI. Furthermore, the western and the eastern parts of the Polish Carpathians experienced very
different types of land use changes during the 20th century making it interesting to compare the
two [28,29]. In the eastern part, the Ruthenians, an ethnic minority, were resettled after World War II,
and that triggered rapid forest cover increase due to the disappearance of mountain settlements [30–32].
Although many of the villages were rebuilt at a later stage, their spatial pattern differed [31,33].
In contrast, in the western part of the Polish Carpathians, it was the transformation of the rural
economy that triggered land abandonment and resulted in forest cover increase, accompanied by the
increase in settlements [24,26,28,29], partly due to the construction of second homes for recreational
purposes [34]. Comparing annual forest cover change rates after World War II based on several case
studies, in the eastern part of the Polish Carpathians it was 0.38–2.15%, while in the western part it
was 0.08–0.77% [28]. This highlights that while housing growth and forest cover increase were the
dominant and common land use changes across the Polish Carpathians, different historical processes
played an important role in shaping the current land use pattern in the eastern and western part.
We conducted our analyses in two case studies over a long term period, in order to detect the
influence of substantial land use changes on current WUI patterns. Specifically, we compared the forest
cover and building locations from mid-19th century (1860) with the contemporary (2013) patterns.
Our first study area was the western part of the Carpathians, covering >75,000 ha, in both Z˙ywiec
district (poviat, NUTS 4 unit) and the mountainous, rural part of Bielsko–Biała district (Figure 1).
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Our second case study area was in the eastern part, where we analyzed Gorlice district, covering
>96,000 ha (Figure 1).
Figure 1. Study area.
3. Materials and Methods
We collected the historical data based on the Austrian Second Military Survey maps (1:28,800),
which are the generalized form of the cadastral mapping (1:2880). Both the forest cover and the
historical building locations were manually digitized on screen (Figure 2). The maps are well known
for their high quality and are a widely used source for land use information in the Central Europe
during the 19th century [23,35–37]. The positional accuracy of the historical maps, measured by Root
Mean Square Error (RMSE) value, was <30 m [38].
Figure 2. Historical data acquisition—result of manual vectorization of forest (in grey on the original
map on the left and green as a result of vectorisation on the right) and building locations (red or black
dots on the original map on the left and red and yellow as a result of vectorisation on the right).
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The current (2013) forest and building locations data were obtained from the Polish National
Topographic Database, prepared for the scale 1:10,000 [39]. In addition, we updated the forest mask
based on data from several other national agencies (including the State Forests IT System (SILP),
the Agency for Restructuring and Modernisation of Agriculture (ARiMR), and the Central Statistical
Office (GUS), and via the visual interpretation of aerial imagery in order to make it comparable to the
19th century forest mask [40].
In our analyses, we included all buildings shown in the historical maps and available in the
current database. While the historical maps distinguished buildings based on their use (i.e., residential
versus farm buildings), many of the farm buildings in the mountains were also used for residential
purposes in summer [41]. The current database, offered an even wider range of functions in building
description, but they did not correspond directly to the classification in the historic maps. Furthermore,
our analysis was not focused on any particular type of human influence on the landscape, and each
type of building may be, e.g., the source of noise and other pollutions.
The mid-19th century, i.e., the time when the historical map were created, was for many areas in the
Polish Carpathians when forest cover reached its lowest point [29,42], partly due to very intense sheep
grazing activities, which triggered the construction of many buildings at higher elevations that are no
longer there today [43,44]. However, due to differences in culture and in environmental conditions
(e.g., maximal elevations are 1366 m asl. in the west versus 997 m asl. in the east, and topography is
characterized by parallel valleys and ridges in the east versus a complex valley system in the west),
sheep grazing in the western case study was one of the most developed in the Carpathians but occurred
mainly at high elevations [43], while the eastern case study was a region where sheep grazing was
occurring mainly near the villages in the valleys [45]. The western study area is located mainly in
the mountains (86%), with a small portion in the lowlands (14%). The eastern study area consist of
mountains (65%), foothills (20%), and lowlands (15%).
We decided to map WUI according to the methodology developed by Radeloff et al. [1] and
Bar Massada et al. [46], which is based on the official US Federal Register [47]. According to this
methodology, there are two kinds of WUI, a) interface WUI where the settlement abuts the wildland
vegetation, and b) intermix, where scattered houses intermingle with wildland vegetation [1,2].
More specifically, an area is considered as intermix WUI, when housing density is >6.17 houses/km2
(or 1 house/40 acres in US context) and wildland vegetation (in our case forest) is >50%, and as
interface WUI when housing density is >6.17 houses/km2, wildland vegetation is <50%, but the area is
within 2.4 km of a forest patch >5 km2 (Figure 3). The 2.4 km distance is directly connected to the fire
risk, and corresponds to the distance a firebrand can fly [1]. We decided to use the same threshold to be
consistent with the original definition, and because many environmental processes operate at similar
scales. We mapped WUI areas based on the methods designed for building locations [46] (Figure 4).
This means that in the first step, we calculated buildings density, using a moving window approach
with a 500 m circle. If the density was >6.17 houses/km2, the area was considered to be potentially
WUI, depending on the vegetation criterion. In the second step, we calculated within 500 m buffer,
similarly to the threshold used in building density analysis. If forest area was >50%, we mapped the
area as intermix WUI. In the third step, we identified all forest patches >5 km2 and mapped the areas
that were within 2.4 km, and that had >6.17 houses/km2 and <50% vegetation as interface WUI.
In order to analyze WUI change, our first goal, we assessed the WUI for both 1860 and 2013, and
compared the two maps. In order to answer our second question, i.e., whether housing growth or forest
increase was the most important cause for WUI growth over time, we modeled also two counterfactual
scenarios for both study areas. In the first scenario, we modeled WUI change based on forest change
since 1860 alone. Specifically, we mapped the WUI for 2013 based on 2013 forest cover, but with the
1860 building locations. In the second counterfactual scenario, we mapped the 2013 WUI based on 2013
building locations, but with the 1860 forest cover. We then compared both scenarios with the actual
1860 and 2013 WUI extent for the two study areas. Additionally, we calculated the correlations between
areas of 2013 WUI and areas of WUI in each of the counterfactual scenarios for municipalities located
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in western (n = 12) and eastern (n = 10) case studies, respectively. We reported only the strongest one,
considering it was statistically significant (p < 0.05).
Figure 3. Intermix (left) and Interface (right) Wildland–Urban Interface (WUI); image: Google Maps.
Figure 4. WUI defining based on point (buildings) and raster (forest) data; based on: [46].
4. Results
4.1. Land Use and WUI Changes over Time
In 1860, forests covered 43% and 20% of western and eastern case study areas, respectively
(Figure 5b), and the number of buildings was 11,734 and 16,083 respectively (Figure 5a). In 2013
the proportion of forest was 61% and 49% for western and eastern study areas, respectively, and the
number of buildings increased to 58,958, and 51,206 respectively (Figure 5a). In 1860 WUI covered
41.3% and 12.2% of the western and eastern study areas, respectively (Table 1). In 2013 it was 54.6%
and 33.3%, respectively (Table 1). In both case study areas and at all times, Interface WUI covered more
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area than Intermix, however, the proportions differed between the study areas (Table 1). Furthermore,
while Intermix covered less area than Interface, it grew much faster in both case study areas.
In 1860 83% of all buildings were within WUI in the western case study area, and 74% in Interface
WUI. In contrast, in the eastern case study area only 23% of all building were in the WUI, and 22% in
Interface WUI. In 2013 it was 89% in the west and 44% in the east, again with the vast majority in the
Interface WUI (79% and 41% respectively).
Figure 5. Number of buildings (a) and forest proportion [%] (b) in the western and eastern case study
areas in 1860 and 2013.
Table 1. WUI areas as a percentage of the study area (%).
Study Area Year Intermix WUI (%) Interface WUI (%) Total (%)
West 1860 11.7 29.7 41.3
2013 24.2 30.4 54.6
East 1860 1.5 10.7 12.2
2013 9.4 23.9 33.3
WUI areas were remarkably stable over time (Table 2). This means that most of the 1860 Intermix
was still Intermix in 2013, and the same is true for the 1860 Interface. In both study areas more Interface,
than Intermix WUI were created, however while the difference in the west was relatively low, in the
east it was over two times more Interface than Intermix, which appeared by 2013 in the areas that were
Non-WUI in 1860 areas (Table 2). The number of houses in the area covered by 1860 WUI increased
substantially from 9692 in 1860 to 44,427 in 2013 on the west and from 3760 to 9868 on the east.
Table 2. WUI transition matrices 1860–2013 (%).
2013
Non-WUI Intermix Interface
1860
West
Non-WUI 42.1 7.7 8.9
Intermix 0.6 22.4 6.7
Interface 2.7 0.3 8.6
East
Non-WUI 65.7 6.7 15.4
Intermix 0.3 1.2 0.03
Interface 0.7 1.5 8.5
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4.2. Conterfactual Scenarios to Identify Causes of WUI Growth
We modeled two counterfactual scenarios of WUI growth for each case study area to identify the
main cause of WUI growth, i.e., housing growth or forest increase. Visually, in the western case study area
the scenario based on 1860 forests and 2013 buildings resulted in a WUI map that was very similar to the
actual 2013 WUI map, but the map based on 2013 forests and 1860 houses looked quite different (Figure 6).
This suggests that in the western case study area, new buildings were the main cause for WUI growth.
In the eastern case study area, however, we found the opposite (Figure 6). Here, the counterfactual
scenario based on based on 2013 forests and 1860 houses was quite similar to the actual 2013 map,
whereas the other scenario, based on 1860 forests and 2013 buildings was quite different. This suggest
that forest increases were indeed the main cause for WUI growth in the east.
When comparing the total WUI area (Figure 7), the same basic pattern occurred, in that the
counterfactual scenario based on 1860 forests and 2013 buildings was closest to the actual 2013 WUI,
whereas the scenario based on 2013 forests and 1860 houses was closest in the east. Last but not least,
we correlated the actual WUI maps with the counterfactual scenario WUI maps. Again, in the west,
2013 WUI was most strongly correlated with 1860 forests and 2013 building scenario (r = 0.97, p < 0.05),
while in the east the 2013 WUI was most strongly correlated with the 1860 buildings and 2013 forests
scenario (r = 0.97, p < 0.05).
Figure 6. Land use and WUI changes over time; F1860 B2013—scenario with 1860 forest extent and
2013 buildings; B1860 F2013—scenario with 1860 buildings and 2013 forest extent.
Figure 7. WUI proportions [% of study area] for real and modeled extents; F1860 B2013—scenario with
1860 forest extent and 2013 buildings; B1860 F2013—scenario with 1860 buildings and 2013 forest extent.
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5. Discussion
We found that the WUI is widespread in the Polish Carpathians, and that the WUI grew
considerably in both of our case study areas. In 1860, we found a strong difference in the amount of
WUI area in the two study areas, but by 2013, this difference was considerably less visible. In 1860,
the number of buildings in the east was 37% higher than in the west, but the opposite was true for
forest proportion, which was only 20% of the eastern study area, but 43% of the west, resulting in far
less WUI area in the east. It is important to add, that impact of WUI on the environment in 1860s and
currently has changed substantially. Historically most of the buildings were wooden houses and most
of the roads were unpaved, while currently the soil sealing is substantially higher. However, it was
beyond our study to quantify such changes.
In 1860, not only the land use proportions, but also the spatial pattern of forests and buildings
were important in shaping WUI extent similar to, e.g., California [48]. Most of the 1860 buildings in the
western study area that were close to forests, were built to support sheep grazing at high elevations [43].
In contrast, in the eastern study area buildings were mainly located in the valleys, because there was
almost no grazing at the higher elevations [45]. Furthermore, forest covered the mountain ridges of
the east, so the potential for WUI was lower there than in the west. This is particularly apparent when
examining the Intermix WUI, which covered in mid-19th century almost four times more area in the
west than in the east (Figure 7). Similarly, the number of buildings in WUI in 1860 historically was
much higher in the west than in the east (83% vs. 23%, respectively), highlighting that historical land
use practices, especially sheep grazing, modified by environmental conditions and cultural practices
were important factors for historical WUI patterns in the Polish Carpathians.
We also found that while the WUI was growing in area, the already existing WUI in 1860 was
relatively stable in time. In other words, most of the 1860 WUI was still WUI 150 years later, despite
the substantial land use changes that took place in the region. This highlights the importance of
historical land use legacies in the region on current land use patterns. Indeed, in many cases the
historical land use composition is more important in explaining current species distribution than
the current one [49,50]. On the other hand, current WUI extent, because of its substantial effects on
surrounding areas, may become a major cause for many future environmental problems. Examples
from the Carpathian ecoregion highlight the general importance of the land use legacies both from the
past on the presence [51,52], but also from the presence on the future [53], and we expect that the same
will be true when focusing on the WUI.
When we analyzed the major causes of WUI growth based on our counterfactual scenarios,
we found again the importance of historical land use on the current WUI, but WUI changes depended
on past land use processes. In the western study area, if there had been only building increase, but no
forest change, there would be more WUI, than in counterfactual scenario and slightly less than today.
This highlight that building growth was clearly the most important causes for WUI growth in the
west since 1860. In the east, by contrast, forest increase was clearly the more important cause for WUI
growth (Figure 6).
The difference in the causes of WUI growth between the western and eastern case study areas
was likely due to their land use history after World War II. In the west, dynamic, but gradual land use
changes occurred [28,44]. In contrast, the east experienced a dramatic shock after the war when forced
resettlements resulted in the disappearance of villages and widespread land abandonment [30,31,33].
This confirms the importance of the impact of non-linear land use changes, which are often due to
institutional or political changes [29,54,55]. It also highlights that because many land use changes occur
over decades, especially because forest increase is generally slower than housing growth, short-term
studies may falsely attribute WUI growth to new settlements only. Nevertheless in relatively short
and stable conditions of US 1990–2010, 97% of new WUI areas were caused by new housing [56].
However, when shock events cause major land use changes, then forest change may also be detected
as a major cause of WUI growth, even when the study period is shorter. In our context, forests were
increasing over time across the Polish Carpathians, but especially rapidly in the eastern study area
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where forests were rare in 1860. Looking ahead, it is difficult to predict where additional new WUI
areas may appear. Potentially the most WUI-prone areas may be located both in the relative proximity
to urban centers, where suburbanization may cause new WUI [57], and in rural areas where forests
continue to increase [26,58].
6. Conclusions
Our results show that WUI areas in the Polish Carpathians increased rapidly over the last 150 years.
Depending on the land use legacies in the region, it was either housing growth or forest cover increase,
what triggered WUI growth in the Polish Carpathians. While in the western study area, settlement
development was more important for WUI creation over time, it was quite opposite in the eastern
study area. Sudden resettlement taking place in 1940s in the eastern part of the study area, was kind of
shock influencing rapid forest cover increase combined with the partial villages removal. Although
many of the villages were rebuilt later on, forest cover increase observed in the area was found to
be more important WUI driver than the settlement development. Indicating forest cover increase,
as a main driver of WUI growth is rather rare, contrary to housing growth [56]. Taking into account
that forest cover increase and settlement development are widespread processes in many European
mountain areas, and because of the large range of environmental problems associated with the WUI,
there is a need to monitor WUI also in other mountain ranges. It might be especially important in the
context of climate change, as it may trigger new processes and interactions in mountainous regions.
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